Graphene and graphene-based composites are at the heart of an ever-growing research effort due to graphene's unique properties, 1 being extensively explored in a wide range of applications including field-effect transistors (FETs), 2-4 solar cells, [5] [6] [7] light-emitting diodes (LEDs), [8] [9] [10] [11] touch screens, 12 electrochemical sensors, 13, 14 batteries, [15] [16] [17] [18] and supercapacitors, 19, 20 just to name a few.
However, the zero band gap of graphene strongly limits its full exploitation in many photonic and (opto)electronic applications. To open and tune the band gap of graphene, different approaches have been pursued, including covalent functionalization, [21] [22] [23] as well as size confinement either into one-dimensional (1D) nanoribbons 24 and into zero-dimensional (0D) graphene nanodots (GNDs). 25, 26 Some of the GNDs, and in particular graphene quantum dots (GQDs), produced with the aforementioned approaches, possess well-defined shapes and sizes (<100 nm), determining quantum-size effect 27 and excitons confinement. 28 Typically, GNDs are defined as graphene sheets with lateral dimensions below 100 nm being single-, two-or a fewlayer thick. 26, 29 Moreover, the fabrication method strongly affect their shape that can vary from circular 30 to triangular, 31, 32 and hexagonal. 32 Because of their biocompatibility, 33 chemical inertness, 34 low toxicity, 35 reduced dimensionality, [36] [37] [38] and luminescence, 27, 39 GNDs are emerging as attractive materials for a wide range of applications including electronics and (electrochemi)luminescence sensors. 29, 40 Two different approaches are being pursued for the GNDs production, i.e. synthesis of graphene-like molecules (bottom-up), 30, 31, 41, 42 and size reduction processes of graphite 33, 43 or multi-wall carbon fibers 44 (top-down). On the one hand, bottom-up methods for GNDs production involve stepwise organic synthesis, 31 pyrolysis, 45 or carbonization of organic precursors. 46 On the other hand, top-down production of GNDs relies on exposing the starting materials to extremely harsh chemical and/or physical conditions such as those occurring during hydrothermal 47, 48 and solvothermal synthesis, 49, 50 electrochemical exfoliation, 27, 51 and physical processes such as microwaves irradiation, 52 and nanolithography. 53, 54 Recently, it has been shown that GNDs can be produced via one step chemical reaction following the treatment of carbon fibres in a mixture of H 2 SO 4 and HNO 3 solution. 44 Moreover, the processes exploiting solvothermal formation of graphite intercalation compounds between graphite powder and sodium potassium tartrate are also being used. 55 Alternatively, GNDs with a diameter of 4-6 nm were produced by ultrasound induced liquid-phase exfoliation (UILPE) of micronized graphite. 33 While GNDs can be prepared by exploiting both top-down 31, 45, 46 and bottom-up 33, 41, 42 approaches, the development of novel and reliable strategies to produce GNDs, having controlled number of functional groups, in large quantities for industrial applications remains challenging.
Moreover, although a variety of starting materials has been explored, e.g. micronized graphite, 33 carbon fibres 44 or even coal, 56 the as-produced GNDs still exhibit high level of oxidation of the sheets.
Noteworthy, the UILPE process is one of the most straightforward and up-scalable approach for the production of homogeneous dispersions of non-oxidized graphene sheets, being commonly exploited to extract individual graphene layers from graphite in both organic 57-60 and aqueous media. 61, 62 Typically, UILPE of graphite is considered as a nondestructive method, with defects caused by the sonication, i.e. fracture of the sheets, mostly located at the edges of the exfoliated graphene sheets, as consequence of their reduced lateral size with respect to the starting material. 18, [61] [62] [63] Yet, it has been shown that prolonged ultrasonication time (> 400 hours)
reduces the sheets lateral size, but also affect the quality of the exfoliated graphene sheets, leading to the presence of a variety of structural defects (e.g. in-plane fracture and/or oxidation). [64] [65] [66] Another critical point of the UILPE is the solvent use for both the exfoliation and dispersion process. In fact, ideal solvents for dispersing graphene and graphitic sheets should minimize the interfacial tension between the solvent and the dispersed sheets 59 . Non-toxic and low-boiling point solvents such as water and alcohols require the addition of stabilizing agents such as polymers or surfactants 61, 62 for the successful exfoliation and dispersion of graphitic sheets. Nevertheless, the presence of such stabilizers in dispersion compromises the (opto)electronic properties of the graphene sheets (such as their photoluminescence -PL-efficiency, i.e. quantum yield), bringing also in this case additional challenges, i.e. their removal, when these dispersions have to be printed onto target substrates. 69 Importantly, both NMP and o-DCB were shown to be able to undergo sonochemical processes such as the formation of free radicals, which are extremely reactive species. 70, 71 In fact, aromatic chlorinated molecules/solvents, such as o-DCB, when exposed to high power ultrasound tend to form free radicals. [71] [72] [73] [74] Here, we show that GNDs can be produced through UILPE of bulk graphite powder in o-DCB at room temperature. To this end, we explore the influence of the ultrasonication power on the morphology and defectiveness of the exfoliated graphene sheets by tuning the operating power intensities. In particular, we show that with our proposed process we are able to tune the lateral size of the exfoliated graphene nanosheets, e.g. from 200 to 16 nm.
We find that produced GNDs (with a diameter of ~17 nm) exhibit luminescence properties, with a strong and excitation-independent emission in the UV/deep-blue region (i.e. 330 -450 nm) and a less intense excitation-dependent emission in the green/red region (i.e. 450 -650 nm).
Remarkably, irradiation of these dispersions with near-infrared (NIR) excitations (850 or 900 nm) also generates PL peaked at ~530 nm, indicative of up-conversion processes.
RESULTS AND DISSCUSION
To test the impact of the ultrasonication power on the structural quality and lateral size reduction of the exfoliated graphene/graphitic nanosheets, vials containing graphite powder dispersed in NMP and o-DCB were treated in bath sonicator for 6 hours at room temperature.
The exfoliation experiments were carried out at fixed ultrasound frequency (40 kHz) at two different operating power intensities, i.e. 600 and 1000 W. Subsequently, after the ultrasonication process, the dispersions were allowed to settle for 15 min. 90 vol.% and then decanted in the ultracentrifuge tubes and afterward ultracentrifuged, exploiting sedimentationbased separation (SBS), 61, 69 for 30 min at 5000 rpm followed by another run for 30 min at 10,000
rpm, see section 4.1 for experimental details. This procedure is carried out to remove thick and un-exfoliated sheets.
Y W (%), which is the yield in weight of the exfoliated graphene/graphitic flakes, defined as the ratio between the weight of dispersed graphitic material and that of the starting graphite flakes 1 was quantified either through filtration or evaporation of the solvent from the exfoliated material (see Materials and Methods section for details). Figure 1 shows High-resolution transmission electron microscopy (HR-TEM) was used to gain qualitative information such as thickness, lateral size and presence of defects in the exfoliated sheets. The analysis of the folded edges is used to estimate the number of layers. 78 The HR-TEM analysis of the dispersions prepared in o-DCB at 600 W revealed the presence of graphitic sheets (see Figure   2 ) with average lateral size of ~184 nm ( Figure 2c ) and area of ~1.9 µm 2 ( Figure 2d ).
Noteworthy, the examination of the nanosheets' folded edges revealed how the majority of the sheets were 1-2 layers thick ( Figure 2e ). These results are in good agreement with previous studies on graphene exfoliated at 600 W. We have then performed liquid chromatography-mass spectrometry (LCMS) measurements.
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LCMS analysis of the dark powder produced at 1000 W (see Figure S1 of Supplementary Information) points toward the formation of two 1,2-dichloro-4-(3,4-dichlorophenyl)benzene regio-isomers as predominant products (290 m/z, see Figure S2 ). Thus, these results demonstrate that GNDs are not formed by the sono-chemical reaction of o-DCB.
X-ray photoemission spectroscopy (XPS) measurements were carried out to probe the composition of SLG/FLG nanosheets and GNDs, prepared through UILPE in o-DCB at 600 W and 1000 W, respectively. Figure 4a shows the XPS C1s spectra of SLG/FLG nanosheets, where peaks at 284.7 eV (C-C), 285.8 eV (C-O) and 288.7 eV (COOH) can be observed. These peaks were also previously reported for UILPE graphene sheets. 58 Remarkably, the intensity of COOH and C-O peaks increases significantly in the case of GNDs (see Figure 4b ), which might be associated to the increased circumference/surface area ratio, and in particular to the increased number of edge-based functional groups, such as carbonyl or carboxylic groups, with respect to the graphene sheets. 79 Clearly, the size reduction of graphitic sheets exfoliated at 1000 W enhances the contribution of the oxygen-containing functional groups at the edges. This is in good agreement with the values observed for other GNDs, 44 as an intense COOH peak is also observed at 288.8 eV, which results from the edges oxidation during the exfoliation process. In order to get further insight onto the energetic levels of the material prepared by UILPE at 600 and 1000 W, we have studied the Ionization Energy (IE) of our samples by means of PhotoElectron Yield counter operated in Ambient conditions (PEYA). We found that the IE is flake size dependent. In fact, IE increases with decreasing the flake size (see Figure 4c ), being 5.1 eV and 5.65 eV for graphene nanosheets and GNDs, respectively. The dependence of the IE on the lateral size is in line with theoretical calculation performed on graphene sheets having different nanometric sizes. 80 Particularly, the value measured for GNDs is in the same range as the one calculated for a similar structure, i.e. GQD featuring 42 carbon atoms in the main core. 80 We then analyzed GNDs by Raman spectroscopy, which is a powerful technique for the investigation of carbon-based materials. 78, [81] [82] [83] [84] Figure 5a plots the Raman spectrum measured at 532 nm excitation wavelength, of representative GNDs deposited on Si/SiO 2 substrate. The G peak corresponds to the E 2g phonon at the Brillouin zone centre. 85 The D peak is due to the breathing modes of sp 2 rings, requiring a defect, either structural, i.e. on the basal plane, or at the edges, i.e. by breaking the translational symmetry of the lattice, 18, 63 for its activation by double resonance. 78, 85, 86 The 2D peak is the second order of the D peak, which is always detected, even in the absence of the D peak. 63 The 2D is a single peak in SLG, whereas it splits in FLG sheets.
This 2D peak splitting reflects the evolution of the electronic band structure of the graphitic sheets. 63 Double resonance can also happen as intra-valley process, i.e. connecting two points belonging to the same cone around K or K', 63 thus giving origin to the D' peak. Also in this case, as for the 2D peak, the overtone, i.e. 2D' is always detected, even when no D' peak is present.
Statistical analysis, based on 20 measurements for each excitation wavelength (532 and 633 nm), gave an average position, for the measurements at 532 nm, of the 2D peak, Pos(2D), ~2694 cm broadening of the G and 2D bands can be attributed to both the size-and edge-effects. Indeed, in finite-size domains there is the relaxation of momentum conservation rule. 63 Moreover, as the lateral size of the sheets shrinks, the fractions of edge carbon atoms, which, as aforementioned, act as defect due to the breaking of the translational symmetry of the lattice, increase. To probe the optical properties of GNDs, both PL and photoluminescence excitation (PLE) spectroscopy have been carried out. Figure 6 shows the comparison of PLE and PL emission spectra of GNDs in o-DCB at different concentrations in the range of 0.5 -5 μg mL -1 . Also,
given that the decomposition of solvents such as o-DCB upon sonication has been demonstrated in the literature, 71 we report the PL excitation and PL emission spectra of the pure o-DCB sonicated at 1000 W in Figure S4 and the decay of the PL emission in Figure S5 and Table S1 , comparing them with those of GNDs to assess any possible influence of the degraded solvent on the optical properties of GNDs. For diluted dispersions (0.5 μg mL -1 see Figure 6 , upper panel)
we noted a PL emission in the UV-deep blue region peaked at 340, 370 and 410 nm when exciting at wavelengths shorter than 350 nm. The PLE observed at 380 nm shows peaks at 300, 330 and 340 nm. The PLE spectrum is significantly more structured than the absorption spectrum (also reported in Figure 6 , upper panel) for the 0.5 µg mL -1 dispersion (the spectra for the higher concentrations, i.e. 2.5 and 5.0 µg mL -1 , are also reported for comparison even though saturation occurs in the UV region). The more structured nature of the PLE is interesting, although expected owing to the PL occurring usually from a subset of chromophores, 48, 88 compared to absorption. When the PLE is recorded at wavelengths longer than 380 nm, the spectrum becomes broader and featureless. Furthermore, excitation at wavelengths longer than 350 nm resulted in a broad PL emission at ~500 nm. Such emission red-shifted by ~90 nm when changing the excitation wavelength from 500 to 400 nm. The excitation wavelength dependence of the emission wavelength and intensity is a well-known phenomenon in GQDs and attributed to excitation of GQDs with different size and/or different emissive sites/domains. 34, 89 However,
we note that at a concentration of GNDs as low as the one studied here, the emission in the blue/green/red region (i.e. 450 -650 nm) is weak and species formed upon sonication of o-DCB, whose residues may be still present in GNDs, could give a comparable contribution to the emission spectrum (see Figure S4 ) whereas for higher concentrations the contribution of GNDs becomes dominant (vide infra). The UV/deep-blue (330 -450 nm) PL emission in GQDs has been previously assigned in the literature to emission from intrinsic states (e.g. caused by the quantum size effect) whereas the green/red peaks (i.e. 450 -650 nm) has been attributed the emission from GNDs defect states (i.e. presence of oxygen-containing functional groups). 55, 90 Additionally, the absorption spectrum ( Figure 6 , upper panel) also shows a long tail at longer wavelengths (> 340 nm) that has been attributed to defect states. 33 We measured a PL quantum efficiency (PLQE) of (4.7 ± 0.5 %), in agreement with values reported in literature for GNDs. 34 The PLE measurements on the 2.5 and 5 μg mL -1 dispersions ( Figure 6 middle and bottom panels) allow us to follow the evolution of the different peaks as a function of the concentration of the GNDs. In this regard we note that the intensity of the PLE features at wavelengths shorter than 350 nm decreases strongly with the increase in GNDs concentration. This could be linked either to the formation of aggregate-like species or to inner-filter effects, or to a combination of both of them. Inner filter effects cannot be excluded given that their contribution would be important already at low absorbance values. Indeed, the most diluted GND dispersion (0.5 μg mL -1 ) has an optical density of ~ 0.4 at 380 nm and the absorption spectrum has a long tail that extends to wavelengths at which GNDs emit light hence re-absorption effects should be considered. 91 However, passing from a concentration of 0.5 to 2.5 μg mL -1 , we also observe a change in the relative intensity of the PLE peaks recorded at an emission wavelength of 380 nm.
The intensity of the peak at 300 nm is lower than those at 330 and 340 nm, contrary to what reported for the more diluted dispersion, i.e. 0.5 μg mL -1 . Such trend is also reflected in the PL spectrum. The PL intensity in the UV/deep-blue region decreases as the GNDs concentration increases, and alongside we also observe a redistribution of intensity from the component at higher energy (i.e. at 340 and 370 nm) to that at lower energies (i.e. at 410 nm) when the concentration of GNDs was increased to 2.5 μg mL -1 At 5 μg mL -1 ( Figure 6 , bottom panel) we observed that the intrinsic state emission in the UV-deep blue region is nearly completely suppressed, as expected for a dispersion with a high concentration of GNDs. Such spectral changes, and in particular the redistribution of intensities between peaks in the PLE, are distinctive features of interchain states 92 and could not be explained by invoking self-absorption alone. Interchain states, either ground-state or excited-state complexes, could form between GND flakes, or GND flakes and species formed upon sonication of the o-DCB (also referred to as sono-polymers), or between o-DCB sono-polymers. 93 Excited-state complexes, either homoor hetero-dimeric, can be excluded because fluorescence decay time is expected to increase by a factor of ∼100 with respect to that of the "isolated" molecule, 94 therefore one would expect much longer lifetimes rather than the few nanoseconds detected from our samples ( Figure S5 and Table   S1 ). Hence, the formation of (weakly-interacting) ground-state complexes, or aggregates, either between GND flake (also supported by TEM images in Figure 3 ) or the sono-polymer species is more likely to occur. We note, however, that the long-lived component in the GNDs dispersion is shorter than that in pure o-DCB sonicated at 1000 W, ∼2-2.6 ns and 3.8 ns respectively (Table 1) suggesting that aggregates between GNDs are predominant. Furthermore, we note that, in addition to the interaction between two GNDs, subsets of chromophores on a GND flake (possibly split up by a defect due to oxidation) could also interact upon excitation leading to a redistribution of the excitation energy.
We observe a different behavior for the PLE recorded at wavelengths longer than 450 nm as a function of GNDs dispersions concentration. In particular, for the 2.5 μg mL -1 dispersion we note the emergence of a peak at wavelengths between 400 and 500 nm, which is even more evident at higher concentrations (5 μg mL -1 ). Such feature, that is barely visible in the most diluted solution (0.5 μg mL -1 ), is totally absent in the o-DCB spectrum ( Figure S4 ) and therefore can be attributed, as mentioned above, to the presence of defect states whose emission becomes predominant at high concentration of GNDs. X-ray photoelectron spectroscopy. XPS analyses were carried out on a Thermo Scientific KAlpha X-ray photoelectron spectrometer with a basic chamber pressure of ~10 -9 mbar and an Al anode as the X-ray source (x-ray radiation of 1486 eV). Spot sizes of 400 µm were used and pass energies of 200.00 eV for survey scans and 50.00 eV for high-resolution scans were used. 150 µL of dispersions were spin coated on Au substrate for 1 minute at 1000 rpm and substrates were annealed for 1 day at 100°C in an oven under vacuum. Supporting Information Available: Liquid chromatography-mass spectrometry (LCMS) and
Photo-Electron

